New seismic reflection data from the CD-ROM project (Continental Dynamics of the Rocky Mountains) show that the Archean-Proterozoic suture in Wyoming, the Cheyenne belt, consists of a crustal-scale, conjugate thrust wedge, where Archean and Proterozoic crust were thrust into each other. Moderately S-dipping reflections extend to depths of 15-1 8 km and surface at the mapped shear zones of the Cheyenne belt; these terminate close to a north-dipping reflection that extends to about 24 km depth and converges at the surface at the Farwell-Lester Mountain (FLM) area with several strong, south-dipping reflections. The FLM zone is marked by dismembered ophiolites suggestive of an ocean basin and may represent a back-arc basin subsequently closed by continued south-dipping subduction, resulting in a cryptic suture. Arcuate criss-crossing reflections in Archean basement to the north of the Cheyenne belt are related to folding, inferred conjugate thrusting and an antiformal duplex stack. This stack formed during Paleoproterozoic suturing in supracrustal rocks comprising at least the upper 24 km of the crust. Our analysis of wide-angle seismic data does not reveal a 7 krnls lower crustal layer that could be interpreted as underplate in southern Wyoming or northern Colorado. A suture, marked by complex interwedging of crustal blocks, was probably steepened by continued convergence to the south.
INTRODUCTION
ical methods. The target of our study is the Cheyenne belt (CB) suture in southeastern Wyoming, the long-lived boundThe question of how Precambrian lithosphere formed and ary between the Archean craton to the north and accreted Proevolved is well posed by the rocks of the uplifts of the central terozoic island-arc blocks to the south (Figure 1 ). The CB has Rocky Mountains, which were well studied geologically but, been the focus of detailed geologic studles in the Sierra Madre, until recently, were poorly surveyed using modern geophysMedicine Bow, and Laramie Mountains because it is a well Figure 1 . Geologic map of study area after Love and Christensen (1995) and Tweto (1979) shows the location of the CD-ROM seismic profile. Main geologic units are indicated. DPS-Divine Peak synclinorium; MB -Medicine Bow Mountains; QP-mylonite, Quartz Peak thrust fault; BL -Battle Lake thrust fault, cataclastic fault of the CB; Sc-Fc -Soda-creek -Fish creek shear zone. Houston et al., 1979 Houston et al., , 1989 Houston et al., , 1993 Duebendorfer and Houston, 1986 , 1990 Karlstrom et al., 1983; Karlstrom and Houston, 1984; Karlstrom and Humphreys, 1998; Houston and Graj,. 1995; Chamberlain, 19981 (Figure 1) . Recently, the CB became a major scientific target of a large multidisciplinary research project, Continental Dynamics of the Rocky Mountains (CD-ROM), which brought together geoscientists from 18 institutions. The project combines refraction, reflection and passive-source seismic data as well as surface geology and xenolith studies. The seismic line in SE Wyoming and NE Colorado is the first deep crustal reflection profile recorded on land in the U.S. in the 8 years since the last COCORP survey line.
REGIONAL GEOLOGIC SETTING
The two main areas of exposure of the CB are in the Medicine Bow Mountains and the Sierra Madre. In both ranges, Archean crystalline basement of the Wyoming craton is overlain by Archean and Early Proterozoic supracrustal rocks and intruded by 2.1-to 2.0 Ga mafic sills and dikes. The Early Proterozoic rocks and dikes record rifting and development of a passive margin, with an attenuated margin and a network of S-dipping normal faults that became inverted during suturing Karlstrom et al., 1983; Karlstrom and Houston, 1984; Houston et al., 19891 . Just soutl~ of the Cheyenne belt is the Green Mountain block, an islandarc terrane accreted to the Wyoming craton at about 1.78-1.76 Ga. (Figure 1 ). This block contains amphibolite-grade volcanic rocks and turbidities and associated intermediate and gabbroic plutons that represent somewhat deeper levels of the island arc, all intruded by synkinematic granites.
There is a significant lateral variation in the CB between its two main exposures. In the Medicine Bow Mountains, the zone is about 10 krn wide and consists of mylonitic strands within Proterozoic gneisses, plus more discrete thrusts in the miogeoclinal Snowy Pass Supergroup. Shear sense indicates northward vergence which, combined with the absence of Proterozoic arc magmatism to the north, suggests a southdipping Proterozoic paleosubduction system for the suturing Karlstrom and Houston, 1984; Houston et al, 1993; Duebendorfer and Houston, 19901. Available ( , , values from isotope studies in the Medicine Bow Mountains have been interpreted to suggest a relatively shallow southward dipping subduction zone because of the presence of older material incorporated into younger docked terranes to the south of the suture zone [Ball and Farmer, 19911. In contrast, the CB in the Sierra Madre is narrower, and the surface expression of the CB in the Sierra Madre is marked by a shear zone that is steep and mylonitic in the east and moderately dipping and cataclastic in the west where our seismic profile crosses it. The eastern segment is correlative with the CB in the Medicine Bow Mountains. The western cataclast~c segment is a moderately dipping thrust fault (50-1 50 m wide), which has been interpreted to have overridden, truncated, and dismembered an earlier continuous ductile shear zone [Duebendorfer and Houston, 19901 . Thus, the continentisland arc suture exposed on the surface in the Sierra Madre may be detached from its root by this later thrusting. ( , , data from the Sierra Madre suggest mainly juvenile materials to the south implying a steeper suture zone and a more abrupt lithospheric transition [Chamberlain, 19981. 
THE RESULTS OF PREVIOUS GEOPHYSICAL STUDIES
In the Laramie Mountains, a reflection dipping southeast at 55" was recorded by COCORP to a depth of 12 km; this was interpreted as the Archean-Proterozoic suture [Allmendinger et al., 19821 . The lower crust on both sides of this reflection is non-reflective below 7s (-22 km) at pre-critical and normal-incidence geometries. No distinct Moho reflections were found by either common-depth-point [Allmendinger et al., 1982; Smithson et al., 1980; Speece et al., 19941 or wide-angle studies [Gohl and Smithson, 19941 . A broad range of lower crustal reflections appears at large offsets on wide-angle data [Gohl and Smithson, 19941 , interpreted as generated by relatively small steps in velocity. These characteristics coupled with lower crustal velocities of 6.5 to 7.5 kmls, were interpreted as evidence for lower crustal, layered mafic intrusions in an island arc setting [Gohl and Smithson, 19941. A similar survey in the Medicine Bow Mountains revealed that two south-dipping reflectors extend to depths of about 14 km, at -60° true dip and project to the surface at the locations of mylonitic zones that mark the Cheyenne belt [Templeton and Smithson, 19941 . Minor, discontinuous reflectors in the lower crust were interpreted as possible mafic underplate; no Moho was imaged at near vertical incidence [Templeton and Smithson, 19941. Wide-angle data across the Cheyenne belt in southern Wyoming have been interpreted to indicate an increase in crustal thickness from 4 0 4 6 km in the southern Archean Wyo~ning craton to 48-50 km in the central Colorado Province [Prodehl and Pukiser, 1980; Prodehl and Lipman, 1989; Henstock et al., 1998; Snelson et al., 20011 . A step in Moho boundary at the CB has also been proposed based on gravity data from the Laramie Mountains, Medicine Bow Mountain, and Sierra Madre [Johnson et al., 19841 , and 53-km thick crust in central Colorado is supported by teleseismic receiver-function analysis [Sheehan et ul., 19951 .
NEW SElSMIC DATA FROM THE CD-ROM PROFILE ACROSS THE CHEYENNE BELT
The CD-ROM Sierra Madre seismic profile starts in the southern Wyoming Archean craton and continues south across exposed Archean supracrustal rocks of the Sierra Madre, perpendicularly crossing the Cheyenne belt and the accreted 1.78-1.76 Ga Green Mountain block (Figure 1 ). The overall N-S orientation of the seismic line follows the axis of Sierra Madre, parallels the strike of Laramide uplifts, and b' w e s a well situated cross section of the Proterozoic crustal assemblage. The seismic data were collected in the fall of 1999 with four 50,000-lb-force vibrators, 25-m station intervals, 100-m source intervals and a 4 ms sample interval into 1000 channels giving a 25-km recording spread. Data collection resulted in 21 24 records with 25-to 30-s record lengths and a nominal fold of 125. Two crustal blocks characterized by different types of reflectivity can be identified (block A and P) from the seismic section (Figure 2 and 3 ). The first (blockA) is associated with the Archean craton in the northern part of the profile (to the north of the CB suture) and the second (block P) is to the south of the CB and is related to accreted island arc terranes of the Green Mountain block. Most continuous seismic reflections (length> 1 km) dip at > 10" (Figure 2 ) except for the short possible Moho reflection in the northern part of the profile and several discontinuous reflections (4, 14, 15 in the Archean and 24 in the Proterozoic part of the section).
SEISMIC REFLECTIVITY OF THE WYOMING ARCHEAH CRATON
The upper 20 km of the crust of the Archean craton (block A on Figs 2 and 3) is densely reflective with numerous north-(1 2 and 13 in Figure 2 ) and south-dipping, numbered (2, 5, 8, 9, 10, 1 land 14 Figure 2) , arcuate, criss-crossing events forming a complex unmigrated reflection pattern (Figure 2) . Most of the dipping upper crustal reflections project to the surface and correlate well with the surface geology (Figurel, 2 and 3). The dominant feature is a crustal-scale antiform mapped by Houston and Graff (1995) , which coincides with a change in dip of the surface foliation and a refolded antiformal axis just north of the Divide Creek synclinorium, indicated by reflection 5 (Figures 2 and 3 ). We interpret this as an antiformal duplex stack of south-verging thrusts and recumbent folds because most prominent reflections are north-dipping (numbered 5 , 8 , 9 and 10 on Figures 2 and 3 ) to a depth of 15 km. At about 18-20 km depth, the reflections become horizontal (numbered 15 on Figure 2) , and a discontinuous series of south-dipping, strong reflections (numbered 16 and 17 ) appear in the middle and lower crust. Deeper events in this northern part of the profile include a weakly reflective Moho at about 13 seconds (40 km) and weaker north-vergent, sub-parallel, steeply dipping events between 9 and 16 s (1 6 and 17 on Figures 2 and 3) .
SEISMIC REFLECTIVITY OF THE PROTEROZOIC GREEN MOUNTAIN BLOCK
The reflectivity changes immediately adjacent to and south of the CB. The reflections in this area form a complex pattern, dominantly south-dipping, but they are much weaker (this contrast is not related to differences in signal penetration [Morozovu et al., 20021 , and less continuous presumably resulting from strong, steep foliation in the Proterozoic rocks. Two sub-parallel, south-dipping weak events just to the south of the CB (6 and 7 on Figures 2 and 3 ) dip at about 40 degrees (migrated in Figure 3 ) and when correlated with moderately dipping events 6a and 7a extend to depths of 15 to 18 km ( Figure 3 ) and can be correlated directly with two major faults associated with the surface expression of the CB, the Quartzite Peak and Bottle Lake faults [Duehendorfer and Houston, 19901 . Weak criss-crossing events (19 and 20 on Figure 3 ) may truncate the S-dipping events. Another discontinuous weak reflection dips to the north to a depth of about 24 km (numbered 2 1 on Figures 2 and 3) and strong, more continuous reflections, (numbered 23) dip to the south to a depth of 23 km and, if correlated with the reflection numbered 23a, extended to a depth of 33 km. The above reflections together with the south-dipping reflection 22 converge to the surface in the Farwell-Lester Mountain (FLM) zone. The interpretation of the reflections alone could be questionable. Mapped discontinuities in geochronologic age and metamorphism suggest an isotopic-metamorphic break at the point where reflections approach the surface. Dismembered ophiolites, sillimanite nodules, and ore mineralization are suggestive of a former ocean basin. These combined observations indicate the presence of a cryptic suture zone and the reflector geometrics described above are consistent with such an interpretation. Note that with only either the geology or geophysics, interpretation of this zone is incomplete, but together they make sense. Because of the narrowness of the exposed Green Mountain block and the implied presence of sea floor, we interpret the FLM zone as a former back-arc basin that closed after renewed subduction. The greater abundance of south-dipping reflections in this zone suggests later continuation of southdipping subduction.
The distinctive change in reflectivity between the Archean and Proterozoic crustal blocks coincides with a prominent, north-pointing, mid-crustal wedge that is formed by connecting the strongest reflections beneath the CB (reflections 1,2, 3 and 4 on Figs 2 and 3) . This boundary could be con-\ tinued to the surface by connecting the wedge to the southdipping reflection l a (Figure 3 ), resulting in a steep zigzag boundary between two crustal blocks. We interpret this zigzag boundary as the image of the present-day CB suture
DISCUSSIONS AND CONCLUSIONS
The new reflection data offer a dramatic new view of the geometry and tectonic history of the Cheyenne belt suture. The suture itself is imaged as a complex series of wedges (Figures 2-4) resulting in an interdigitization of the Archean and Proterozoic crust, similar to "crocodiles" of Meissner [1989] . We interpret this pattern to imply that a process of crustal wedging [Oxburgh, 1972; Beaumont et al., 19941 is responsible for the present geometry of the CB suture. A similar process has been proposed by Cook et al. ( 1 998) and Snyder et al. (2002) for the collision between Archean and Proterozoic blocks across the Slave (northwest Canada) and Baltic margins. This crustal wedging is accomplished by a series of north-and south-vergent thrust faults in the upper 20-25 km of the crust that take up the strain at different or overlapping times. The ca. 1.78 Ga suturing of the Green Mountain block to the Archean craton was followed by 150 m.y. of shortening from 1.74 to 1.63 Ga as additional islandarc terranes were docked to the south [Chamberlain et al., 1993; Tyson et al., 20011 . This continued regional shortening may have produced far-field strain to steepen the CB suture. This interpretation differs from the more traditional view of the CB suture in which a thick band of sub-parallel, moderately dipping faults is conceived to mark a suture.
We interpret the FLM zone as a back-arc basin that broke up the original arc. This explains the oceanic affinities and the narrowness of the Green Mountain block, much narrower than typical arcs. The southern fragment then incorporated into the newly accreted arcs to the south and may be represented by the Salida terrane identified by Reed et al., (1987) , who earlier proposed a back-arc basin in this area. This basin then closed along south-dipping subduction which is correlated with the more numerous south-dipping reflections that project to the FLM zone. Several interpretations [Dueker, 2001, Tyson et al., 20021 proposed a flip in subduction resulting in a north-dipping subduction zone north of the CB. Such interpretations are not supported by primary features of the reflection wavefield. Their interpretation extrapolates the north-dipping FLM reflections for 40 km and continues the north-dipping subduction zone right through south-dipping reflections (16 and 17 on Figures 2 and 3 ) in the Archean lowermost crust. Our interpretation agrees better with the available data, and we suggest that the positive tomography anomaly, interpreted as a high-velocity mantle slab [Dueker et al., 20011 , is delamination of eclogite "caught in the act". The older Archean crust may have been thicker and had more time to pass through a favorable temperature-viscosity window [Jull and Kelemen, 20011 to promote delamination; to the north, Archean crust is even thicker [Gorman et al., 20021 . Several compelling lines of evidence suggest long-term southdipping subduction early in CB development. These observations include: the lack of Proterozoic arc magmatism north of the Cheyenne belt, south-dipping lower crustal reflections north of the CB (features 16 and 17 on reflectivity in the lower crust south of the CB, and the north vergence of Cheyenne belt shear zones.
The Proterozoic arc crust to the south of the CB is distinctly less reflective, and similarly low reflectivity has been found for some modern arc crust [Snyder et al., 1995; Makovsky and Klemperel; 19991. Beneath the CB, the Moho boundary is poorly reflective at vertical incidence except for a small segment in the northern part of the section (Figure 3) .
We have modeled the northern part of the wide-angle seismic data across the CB earlier presented by Snelson et al., (2001) in order to reconcile the two seismic datasets. We interpreted a short reflection in CDP data at about 42 km depth north of the CB as the Moho, and wide-angle data suggested that the Moho is deeper. The wide-angle PmP reflections, however, do not have depth points underneath the CB and don't overlap. Nor do the CDP and wide-angle profiles coincide over most of their length. In addition, a Moho uplift indicated by the curvature of the PmP arrivals ( Figure 5 ) occurs just north of the CB and may account for part of a positive tomographic anomaly [Dueker et al., 20011 . Also, as indicated by first arrivals ( Figure 5 ) and PmP asymptotes with velocities not higher than 6.5 km/s (Figure 5 ), no 7 km/s layer is found in the lower crust in southern Wyoming and northernmost Colorado. Our short reflection at 13.5 s (about 42 km) in the Archean is interpreted as the Moho rather than the top of a lower crustal underplate because our analysis of the wide-angle, reflection-refraction profile ( Figure 5) does not reveal the presence of a so-called 7xx layer [Snelson et al., 20011 in this area.
The paucity of lower crustal reflections south of the CB (except for the ones associated with the FLM zone and Homestake area, Figure 3) is not related to the signal-to-noise ratio [Morozova et al., 20021, but Figure 5 . Travel time curves for shot points (SPs) 8 and 10 are shown with observed (triangles and circles) and calculated (dashed line) times using the RAYINVR program (Zelt and Smith, 1992) . Reduction velocity is 7 kmls. We use a velocity model very close to the one used by Snelson et al., (2001) that well fits observed first arrivals from upper and middle crust up to an offset of about 180-200 km (the fit is not shown to avoid complicating the figure) . This model has a high velocity lower crust of about 7.1 kmls (called 7X layer by Snelson et al., 2001) . Note the absence of observed first arrivals with a velocity of about 7 km/s and thus a misfit between calculated first arrivals from a 7X layer and observed arrivals. If a layer with a velocity of about 7.1-7.2 kmls were present in this area (Snelson et al., 2001) we would have observed this as a first arrival at offsets of about 200-250 krn. The presence of a high velocity layer is also not supported by the postcritical PmP event that has a velocity asymptote not greater than 6.6 km/s rather than 7 kmls. All arrivals from SP 10 are very similar to arrivals of the Deep Probe SP 43 to the south, detonated at the same location as SP 10, and that resulted in an interpretation without a high velocity lower crust just to the north of the CB suture (Snelson et al., 1998) . Also note the extreme curvature of PmP reflections at near offsets from both SPs and thus a misfit between calculated and observed travel-times curves at near offsets. Uplift in Moho boundary between SPs 8 and 10 is necessary to fit the PmP arrivals at near offsets.
terrane to the northeast where no lower crustal reflections were found at vertical incidence [Speece et al., 19941, but where coincident high reflectivity was found at wide angles of incidence. This may also be interpreted in terms of lenticular scatterers in the lower crust [ Levander and Holliger, 19921. In particular, Moho reflectivity beneath the Proterozoic Green Mountain block is very weak or not imaged at all, although an increase in average amplitude is attributed to a defuse Moho zone (Figure 3) . Lack of Moho reflectivity suggests that gradient zones or layers with low contrast in acoustic impedance (or both) characterize the crust-mantle boundary beneath the Proterozoic part of the profile.
The steepening of foliation and shear zone segments, due to protracted shortening along and south of the CB suture, decreased the overall reflectivity of the arc rocks and caused further inter-wedging. The complex nature of the suture was likely conditioned by a pre-existing geometry involving listric normal faults on the rift margin.
